In order to study the effect of vertical staggering in large wind farms, large eddy simulations (LES) of large wind farms with a regular turbine layout aligned with the given wind direction were conducted. In the simulations, we varied the hub heights of consecutive downstream rows to create vertically staggered wind farms. We analysed the effect of streamwise and spanwise turbine spacing, the wind farm layout, the turbine rotor diameter, and hub height difference between consecutive downstream turbine rows on the average power output. We find that vertical staggering significantly increases the power production in the entrance region of large wind farms and is more effective when the streamwise turbine spacing and turbine diameter are smaller. Surprisingly, vertical staggering does not significantly improve the power production in the fully developed regime of the wind farm. The reason is that the downward vertical kinetic energy flux, which brings high velocity fluid from above the wind farm towards the hub height plane, does not increase due to vertical staggering. Thus, the shorter wind turbines are effectively sheltered from the atmospheric flow above the wind farm that supplies the energy, which limits the benefit of vertical staggering. In some cases, a vertically staggered wind farm even produced less power than the corresponding non vertically staggered reference wind farm.
Jensen model 7 to determine the optimal wind farm layout and find that vertical staggering can increase wind farm power output when the hub height difference between consecutive downstream rows is sufficiently large. Chen et al 8 employed a three-dimensional greedy algorithm to optimize both turbine positions and hub heights in terms of a predefined cost function per unit power for flat and complex terrain while using the Jensen and particle wake model 9 to account for wake effects. They find that using turbines of different heights allows one to harness more energy from the atmospheric winds at different elevations. DuPont et al 10 used the ''extended pattern search multiagent system algorithm'' to optimize wind farm power outputs evaluated by the PARK model 7, 11 for stable, neutral, and unstable atmospheric conditions. They find that for a wind farm subjected to a dominant wind direction and stable atmospheric conditions, using turbines of intermediate height is optimal. However, for unstable atmospheric conditions and strongly varying incoming wind direction, the optimal wind farm consists of fewer but significantly larger turbines. These results show that the optimal configuration in a complex situation, involving different control parameters, can change dramatically. Vasel-Be-Hagh and Archer 12 conducted an optimization analysis of the annual energy production (AEP) of the Lillgrund farm in Sweden by varying the wind turbine hub heights. They employed a greedy search algorithm to find the optimal hub height between H min and H max (which are the predetermined minimum and maximum hub heights, respectively) for all turbines. Using the PARK model, they predict that vertical staggering can increase the AEP by 2%. In the corresponding optimal configuration, all turbines have a height of either H min or H max , ie, the benefit of vertical staggering is limited by the hub height range that is considered feasible.
The benefit of analytical wake models is that they are fast and easy to use. Such methods are crucial for wind farm layout optimizations in which the performance of thousands of wind farm layouts for all wind directions needs to be evaluated. 5 As discussed by Göçmen et al, 3 analytical wind farm models provide very useful insight into wind farm performance for the community. To further improve analytical wake models, comparison to experimental and simulation data, which can capture the complex flow dynamics in very large wind farms 4, [13] [14] [15] [16] in more detail, is required. Considering the potential benefit of vertical staggering observed in analytical models, there is a need to verify whether these findings are supported by results from experiments or large eddy simulations (LES). LES have now developed so far that they can provide valuable information about wind farm performance. 2, 4, 17 However, experiments or LES of vertically staggered wind farms are relatively rare to date.
Chamorro et al 18 studied a vertically staggered wind farm concept in which turbines with different hub height and turbine diameter were used to increase the wind farm power output. They performed wind tunnel measurements in a scaled down wind farm of 3 by 8 turbines focusing on the effect of the surface roughness. They observe that, compared with the homogeneous-size wind farm, the vertically staggered wind farm with turbines of different size and height can generate a higher turbulence mixing in the shear layer. This results in a higher vertical kinetic energy flux that brings down high velocity wind from above the wind farm, which results in a higher potential energy harvesting. Vested et al 19 performed wind tunnel measurements on the effect of vertical staggering in wind farms with four downstream turbine rows. They observe an increase in the power production of up to 25% due to vertical staggering. We note that in these experiments, the base height of all turbines is kept constant, while half of the turbines is increased in height compared with the reference case to obtain vertical staggering. Thus, part of the observed power increase has to be attributed to the higher production potential of the considered vertically staggered wind farms.
Wang et al 20 compared analytical wake model solutions (PARK, Larsen, 21 and EPFL wake model 22 ) with results obtained from the commercial software package FLUENT. They find that the wind turbine wakes behave differently in vertically staggered wind farms, and this influences the ability of wake models to capture this behavior. Another study by Vasel-Be-Hagh and Archer 12 compared results from wake model calculations with LES results obtained with SOWFA. 23 They find that the Lillgrund wind farm with optimized hub heights generates about 6 .3% more power in LES while, as mentioned above, the evaluations using the PARK model predict a 2% increase.
Xie et al 24 used LES to consider a different scenario, namely, the deployment of smaller vertical-axis wind turbines in an already existing wind farm of horizontal-axis wind turbines. They found that the addition of the vertical-axis wind turbines leads to an increase in the energy production, because the wakes recover faster due to the enhanced turbulence created by the vertical-axis wind turbines. These results were confirmed in an analytical top-down model they introduced.
Based on the literature review above, it is clear that most research on vertical staggering in wind farms has focused on the use of analytical wake models to investigate the potential benefit of vertical staggering. However, there is still limited reference data, which can be used to verify and improve model calculations, available from experiment or LES. In this work, we present data from LES in which we study the effect of streamwise and spanwise turbine spacing, turbine rotor diameter, the hub height difference between consecutive turbine rows, and the wind farm layout, on the power output of vertically staggered wind farms. We start with a description of the numerical methods in section 2. In section 3, we present an analysis of the power output of vertically staggered wind farms, the vertical profiles of the streamwise velocity and vertical kinetic energy flux, and a comparison of the LES results with Jensen model predictions. We conclude the paper with a discussion in section 4, while the details about the Jensen model are presented in Appendix A.
PROBLEM FORMULATION AND NUMERICAL METHODS
A sketch of the vertically staggered wind farm configuration and the corresponding design parameters is shown in Figure 1 have the same hub height z h and that all downstream turbines are entirely immersed in the wake of upstream turbines. Consequently, the power (B) (A) FIGURE 1 Side view of the conceptual configuration of A, the aligned reference and B, the vertically staggered wind farm layout. The streamwise direction is along positive x, and the gray areas represent linearly expanding wakes. s x is the dimensionless streamwise turbine spacing. The average turbine hub height is z h . H d measures the height difference with respect to z h , so the height difference between two consecutive turbine rows is 2H d . In this study, the even turbine rows have tall turbines and the odd rows short turbines, unless mentioned otherwise production of all downstream wind turbines is much lower than for turbines in the first row. Placing downstream turbines such that they are (partially) outside the wake of upstream turbines is one of the possibilities to enhance the overall power production of a wind farm. This is the idea behind the vertically staggered wind farm shown in panel B. The figure reveals that part of the second wind turbine is outside the wake of the first turbine when the first turbine is lowered, and the second one is elevated. The degree of vertical staggering is dictated by the elevation/abasement H d relative to the averaged hub height z h , ie, the height difference between two consecutive turbine rows is 2H d . We use wind farms with an even number of rows, lowering the odd rows and increasing the height of the even rows, so the average hub height remains the same. This ensures that the overall power generating potential, ie, assuming there are no wake effects, of all considered wind farms is roughly the same. In fact, due to the logarithmic velocity profile in the atmospheric boundary layer (ABL), the potential power generation of vertically staggered wind farm can be about 3% to 4% lower than for the aligned reference wind farm, see section 3.3 for details. In this work, we use LES to simulate the turbulent flow in very large vertically staggered wind farms and evaluate their performance compared with the aligned reference case. In the fully developed regime of the wind farm (effectively after the fourth row), the wind farm performance does not depend on the ordering of the short and tall turbines. However, as explained at the end of section 3.1, a larger benefit of vertical staggering can be obtained in the entrance region of the wind farm (especially the first two rows) when the odd rows (and thus the first row) would have been elevated instead of the even rows.
Large eddy simulation
The LES code we use solves the incompressible Navier-Stokes equations and the continuity equation
whereũ i represents the filtered velocity field,p * =p∕ + kk ∕3 − p ∞ ∕ is the filtered modified pressure, is the fluid density, and ij is the subgrid-scale stress. The turbine forcing is represented by a body force f i . Coriolis and thermal effects are not specifically included, an approach which was also used in previous studies. [25] [26] [27] [28] The code employs a pseudospectral method in horizontal directions and a second order finite difference scheme in the vertical direction. Time integration is performed using a second-order Adams-Bashforth scheme. The subgrid scale dynamics are modeled by the Lagrangian-averaged scale-dependent dynamic model. 29 The wall stress at the ground is captured by a standard rough wall model 30 using velocities test filtered twice at the grid scale. 29 For the top boundary, we use a zero vertical velocity and zero shear stress boundary condition. A detailed description of the basic flow solver can be found in Albertson and Parlange. 31 In order to consider finite size wind farms, we use the concurrent precursor inflow method introduced in Stevens et al. 32 Each time step, a part of the flow field from this simulation is used to provide the inflow condition for a second section in which the wind farm is placed. In the wind farm section, which is periodic due to the use of spectral methods in the horizontal direction, a long fringe region at the end of the computational section is used to ensure a smooth transition from the flow formed behind the wind farm towards the applied inflow condition. To reduce the effect of the location of the high and low velocity speed streaks in the ABL, we perform the simulations for a long time and very slowly shift the entire flow in the inflow generating domain in the spanwise direction to get well converged (streak independent) results. This method is tested in Stevens et al, 33 and the benefits of such a method are discussed in more detail by Munters et al. 34 Our LES code has been validated against EPFL wind tunnel experiments on a 10 × 3 wind turbine array, 33, 35, 36 the Horns Rev wind farm measurements, 32 and high-resolution wake measurements performed at Delft. 37 We use a computational domain of 4 43, 44 Following previous studies, 25 we assume that the average turbine power output is equal to the mechanical energy loss in the fluid, ie, P = −FU d , where the overbar indicates In cases a to e (and g), the ordering of tall and short turbines is as indicated in Figure 1 , while in case f, the tall turbines are located in the even rows and the short turbines in the odd rows. In cases a to f, a ''horizontally'' aligned configuration is considered, while in case g, a ''horizontally'' staggered wind farm is simulated.
time averaging. Here,
A is the force used in the actuator disk model with U d the disk averaged velocity, A = D 2 ∕4 is the turbine rotor area, and
where a is the axial induction factor. We use a constant thrust coefficient C T = 3∕4, which is representative for turbines in utility scale wind farms.
We consider two kinds of wind turbines, smaller turbines defined as those with diameter D s = 100 m and hub height z h = 100 m and larger turbines defined as those with a diameter D l = 150 m and hub height z h = 120 m. The larger wind turbine is considered because of the recent development trend towards such turbines in industry. 1 We keep the simulation area constant in all simulations. In the main set of simulations, see cases a to c in Table 1 ; we keep the dimensionless spanwise spacing (s y = 5.24) constant, while we vary the dimensionless streamwise spacing Table 1 , in combination with case a allow us to investigate the influence of the spanwise turbine spacing on the effect of vertical staggering for a fixed streamwise turbine spacing s x = 5.24. In case f, we use the same wind farm layout as in case a but locate the tall turbines in the odd rows and short turbines in the even rows, instead of placing the tall turbines in the even rows, to asses the effect of the vertical staggering order in the entrance region of the wind farm. 45 In case g, see Table 1 , we simulate a ''horizontally'' staggered wind farm with s x = s y = 5.24 in order to asses the effect of the wind farm layout.
Due to the computational requirements for LES, a number of simplifying assumptions have to be made. This is also the reason that the development of computationally less demanding modeling methods is very important. In the present work, we restrict ourselves to neutral atmospheric thermal stability conditions and do not include the effect of the Coriolis force. As is explained in the appendix of Calaf et al, 25 this is equivalent to assuming a given value for the transverse geostrophic wind, and this approach is expected to give meaningful results as the flow in the inner region (up to 0.15 − 0.20 H) is not much influenced by external effects such as Coriolis forces. In addition, we assume that all turbines operate in regime II, 46 in which the thrust coefficient C T is assumed to be constant, independent of wind speed, and we neglect the variation of the power coefficient C P with wind speed. These are reasonable assumptions since LES 47 and field measurement 13 generally report data for narrow wind speed bins, typically ≈ 8 ± 0.5 m/s, which corresponds to turbines operating in regime II. According to Porté-Agel et al, 47 this regime II is particularly interesting as turbines operate most of the time under these conditions. Figure 2A shows the typical wake pattern observed in the reference aligned wind farm, while Figure 2B reveals that in the vertically staggered wind farm, the taller turbines extrude further into the ABL. Clearly, the flow is much more complex in the vertically staggered wind farm than in the aligned reference case. In section 3.1, we first evaluate the power output of vertically staggered wind farms compared with the corresponding non vertically staggered reference wind farm. Subsequently, we will analyse the streamwise velocity and vertical kinetic energy flux profiles in section 3.2. Finally, the LES results are compared with the Jensen model predictions in section 3.3. Figure 3 shows that the power output of the second row drops significantly compared with the production of the first row due to wake effects. Further downstream, the power output of turbines increases slightly due to the creation of a strong downward vertical kinetic energy flux that helps the wakes to recover faster. 25, [48] [49] [50] [51] Depending on s x , the production in the fully developed regime asymptotes to around 50% to 70% of the production in the first row. These results are in agreement with results obtained in previous studies. 50, 52 Figure 3 reveals that the power output of the first row decreases with increasing H d , while the production of the second row increases with increasing H d . This result is expected since in an ABL, with a logarithmic mean velocity profile, the shorter wind turbines are exposed to a weaker incoming velocity, and their production is accordingly lower; vice versa, the taller wind turbines can produce more power as these turbines can tap into the higher wind speed regions. In addition, the turbines on the second row are displaced more outside the wake of the preceding turbines when H d is increased. The combined production of the first two turbine rows can be significantly higher than for the reference aligned wind farm, see also Figure 4 . So vertical staggering can strongly increase the power output in the entrance region of a wind farm. Figure 3 shows that in the fully developed regime of the wind farm, the power production is higher for taller turbines (even rows) and lower for shorter turbines (odd rows). The reason for this zigzag pattern is the same as discussed before, namely, that the taller turbines are partially outside
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z h = 120 m) turbines. One difference, however, is that in wind farms with larger turbines, the second turbine row always produces less power than the first row, while for the wind farms with smaller turbines, the second row can produce more power than the first row. The reason is that it is much easier to place the turbines on the second row significantly outside the wakes created by the turbines in the first row when smaller turbines are used.
The benefit of vertical staggering can be judged better by plotting the normalized cumulative power output, which compares to power output of the vertically staggered wind farms with the aligned reference wind farm. We determine the normalized cumulative power production as a function of the downstream position by comparing the power production of the first x rows of the vertically staggered wind farm with the power production of the first x rows of the aligned reference wind farm. This normalized cumulative production, denoted as P∕P ref,c , thus indicates whether vertical staggering increases or decreases the production compared with the reference wind farm. The normalized cumulative production for the reference wind farm is one by construction. Figure 4 shows, in agreement with Figure 3 , that vertical staggering can be highly beneficial in the entrance region of the wind farm as in panel A, a benefit up to 20% is observed. The figure also reveals that the benefit of vertical staggering is smaller for larger turbines and decreases with increasing streamwise turbine spacing and decreasing H d . Figure 4 shows that vertical staggering seems only marginally beneficial in the fully developed regime of the wind farm. All graphs namely
show that the normalized cumulative power production decreases with increasing downstream distance for all vertically staggered wind farm configurations considered here and only for the wind farms with a small dimensionless streamwise spacing a benefit of about 5% remains at the end of the wind farm. Note that Figure 11 shows that the power production in the last four rows of the vertically staggered wind farms is slightly lower than in the last four rows of the corresponding aligned reference wind farm for most cases. A closer investigation of this effect is mainly caused by the poor performance of the shorter turbines in the fully developed regime of the wind farm, which presumably is caused by the slow wake recovery near the ground. Figure 5 shows that vertical staggering is slightly more beneficial for a wind farm with a small spanwise spacing of s y = 2.62 than for wind farms with larger spanwise turbine spacing (s y = 5.24 and s y = 7.85) for which sideways wake effects between different turbine columns are negligible. Figure 6 shows that a vertically staggered wind farm in which the odd (and therefore the first) turbine rows are elevated produces a higher power output in the entrance region of the wind farm than a wind farm in which the even (and therefore the second) rows are elevated.
The reason for this is that the first turbine row always produces a lot more power than the second row. Therefore, lowering the first turbine row leads to a drastic drop of the most productive turbines in the entire farm (tapping into lower wind speeds from the log profile), which is difficult to compensate for with a taller second turbine (and other even turbines) because of the vertically expanding wakes. Further downstream, in the fully developed regime of the wind farm, the performance is identical for both configurations and does not depend on the order of the tall and short turbines. As we focus on the benefit of vertical staggering in large wind farm, in particular on the performance in the fully developed regime, our initial choice to consider vertically staggered wind farms in which the even rows are elevated does not influence the discussion in the remainder of the manuscript. However, we emphasize that in the entrance region of the wind farm, larger benefits of vertical staggering can be obtained than reported here by elevating the first instead of the second turbine row. For a more detailed discussion on this, we refer to Zhang et al. 45 As wake effects are strongest for the aligned configuration, the potential to improve the power production using vertical staggering is largest for the ''horizontally'' aligned wind farms. So far, we have seen that even for this ''best case'' scenario vertical staggering does not lead to a significant increase in the power production in the fully developed regime of the wind farm for most cases. In Figure 7 , we show that in a ''horizontally'' staggered wind farm, the use of vertical staggering can even reduce the power production in the fully developed regime of the wind farm compared with the corresponding non vertically staggered wind farm. In the remainder of the manuscript, we focus our analysis on cases a to c, see Table 1 , to get a better understanding of the reason why vertical staggering does not increase the power production in the fully developed regime of very large wind farms. 
Averaged velocity and vertical kinetic energy flux
In order to confirm the above conjecture that the poor performance of the shorter turbines in the fully developed regime is caused by the slow wake recovery near the ground, we turn our attention to the averaged streamwise velocity and vertical kinetic energy flux profiles to study the effect of vertical staggering in more detail. 47, 50, 51, 53, 54 that there is a significant correlation between this flux and the wind turbine power extraction, while Allaerts and Meyers 55, 56 showed that in stable boundary layers, the streamwise energy flux is an additional quantity of interest and is important in the entrance region of the extended wind farms. As we only consider neutral ABL and focus on the performance in the fully developed wind farm region, the vertical kinetic energy flux is a more suitable quantity to consider. In fact, as we will show below, the analysis of the vertical kinetic energy flux clarifies that vertical staggering does not significantly improve power production in the fully developed wind farm region.
In Figure 9 , we analyse the spanwise average of the local vertical energy energy flux ⟨Φ⟩(z) = −⟨uu ′ w ′ ⟩, where ⟨.⟩ indicates spanwise averaging.
Here, we note that evaluating the vertical flux as ⟨Φ⟩(z) = −⟨uu ′ w ′ ⟩ gives nearly the same result as using
as the last two terms are very small compared with the dominant term. Figure 9A and 9B reveal that the vertical kinetic energy flux develops ''similarly'' as function of downstream position in vertically staggered wind farms as in the aligned reference wind farm. 57 This result is consistent with the observation that the power production in the fully developed regime of the wind farm does not change much due to vertical staggering.
A more comprehensive analysis of the development of the vertical kinetic energy flux as function of downstream direction is given in Figure 9C and 9D. These figures show that the development of the vertical kinetic energy flux as function of downstream position is almost the same in the vertically staggered wind farms as in the aligned reference case. We observe that at z = 200 m, the downward vertical kinetic energy increases at 1 km downstream, while at z = 300 m, this increase becomes visible at 2 km downstream. This is related to the development of the internal boundary layer, as discussed by Chamorro et al 36 and in Stevens and Meneveau. 4 At 200 m, the vertical kinetic energy flux ⟨Φ⟩ reaches a plateau around x = 5 km (or 10 turbine rows), while such a plateau is less clear at 300 m. We find that at z = 200 m, the vertical kinetic energy flux shows a sawtooth pattern as function of the downstream location for larger H d . Specifically, for case a4, we see that at this height, ⟨Φ⟩ is lower at the location of the taller turbines (even rows) than at the location of the shorter turbines (odd rows). This result is explained in Figure 10 ,
where we sketch the vertically staggered wind farm and the shear layers generated at the top of the wind turbines. Due to the convection in the is much further away from the top of turbines due to which this effect is washed out, see Figure 10 . 
Power prediction by Jensen model
As mentioned in section 1, there are already several studies that have used analytical wake models to optimize the hub height distribution in wind farms. In this section, we compare our LES results with predictions from the Jensen model, which is the most commonly used wake model in such wind farm layout optimization studies. 5 Based on the results discussed above, we can identify two dynamically different regimes, namely, the entrance region of the wind farm (here defined as the first two rows) and the fully developed regime of the wind farm (here defined as the last four rows). Figure 11 Figure 11B and 11D shows that in the fully developed regime of the wind farm, vertical staggering is hardly beneficial. For most cases, the production in the fully developed regime is even slightly lower than in the corresponding reference wind farm. The reason for this is twofold; first of all, the power production potential of the vertically staggered wind farm is slightly lower than for the reference wind farm due to the logarithmic velocity profile in the ABL ⟨u(z)⟩∕u * = 1∕ ln (z∕z 0 ), where = 0.4 is the von Kármán constant. The magnitude of this effect is given by the large aspect ratio limit of the Jensen model results shown in Figure 11 . In addition, as discussed above, the wind turbine wakes near the ground recover very slowly, due to which the production of the shorter turbines is negatively affected. In contrast to the LES results, which
show that vertical staggering does not improve the production in the fully developed regime of the wind farm, the Jensen model predictions show a significant improvement of the power production in the fully developed regime of the wind farm, especially for the smaller turbines (D s = 100 m and z h = 100 m) and small streamwise turbine spacings. We believe the Jensen model has difficulties to predict the performance in the fully developed regime because the complex interaction between the wind farm dynamics and the atmospheric flow above is not specifically accounted for in the Jensen model. [13] [14] [15] [16] To model such large scale interactions in more detail, we have previously developed the coupled wake boundary layer (CWBL), 15, 58, 59 which relies on a combination of the Jensen and a top-down model. However, the CWBL model cannot be applied here as the top-down model developed by Calaf et al 25 assumes that all turbines have the same hub height, while an extension of this top-model presented by Xie et al 24 is only valid when there is a clear vertical separation between the shorter and taller turbines, and these models are not applicable for the present cases.
DISCUSSION AND CONCLUSIONS
In this work, we studied the effect of vertical staggering on the power production in large wind farms using high-fidelity numerical simulations.
We systematically varied key parameters such as the streamwise turbine spacing s x , the turbine rotor diameter D, and the hub height difference between consecutive turbine rows, see Figure 1 . We find that vertical staggering can increase the power production in the entrance region of the wind farm (first two rows) by up to 20%, see Figure 4A , compared with the corresponding aligned reference wind farm. It turns out that a significant hub height difference between consecutive rows is required to obtain a significant benefit of vertical staggering, which is easier to achieve for smaller turbines (D s = 100 m and z h = 100 m) than for larger turbines (D l = 150 m and z h = 120 m) when a realistic hub height range is considered. In addition, we find that the benefit of vertical staggering in the entrance region of the wind farm decreases with increasing streamwise turbine spacing s x . Thus, for smaller s x , a larger benefit of vertical staggering is expected. However, turbine loads would be exceptionally high when the streamwise spacing is too small, and therefore, we did not consider streamwise spacings below s x = 5.24. In contrast to the streamwise spacing, the spanwise spacing has a marginal effect on the effectiveness of using vertical staggering, but we find that the power production in the entrance region of the wind farm can be increased more when the odd rows (and thus the first row) are elevated instead of the even rows, which was done for most cases in this study.
Surprisingly, we find that vertical staggering is much less beneficial in the fully developed regime of the wind farm than originally anticipated.
In fact, the LES results show that vertical staggering hardly improves the production in the fully developed regime compared with the aligned reference wind farm. The reason for this result is twofold, ie, the power production potential (assuming there are no wake effects) of the vertically staggered wind farm is slightly lower (up to about 3% to 4%) than that of the corresponding aligned reference wind farm due to the logarithmic velocity profile in the ABL. In addition, the vertical kinetic energy flux, which brings high velocity wind from above the farm down to the hub height plane, does not increase due to vertical staggering. As a result, the wakes close to the ground recover slowly, and as a result, the performance of the shorter turbines in the fully developed regime can be severely impacted. We also find that the prevailing wind direction has a significant effect on the benefit of vertical staggering. In a ''horizontally'' staggered wind farm with s x = s y = 5.24, we namely find that vertical staggering reduces the power output compared with the corresponding reference case as a result of the negative aspects of vertical staggering discussed above. Based on these results, we do not expect to find wind directions for which the considered type of vertical staggering will greatly enhance the power production in the fully developed regime of the wind farm.
Obviously, the conclusions reached here are still subject to considerable limitations as the LES have been performed for idealized conditions, such as neutral conditions and assume a flat terrain with no topography effects. Clearly, the effects of vertical staggering can be very different when such conditions are also taken into account. In addition, we emphasize that we only considered one class of vertically staggered wind farms, assuming for example that all wind turbines have the same size. As discussed in section 1, some different vertical staggering concepts have been proposed such as the use of turbines with different size and height 18 or a combination of horizontal-and vertical-axis wind turbines. 24 Different relative turbine sizes can greatly influence the possibility to use vertical staggering to place turbines outside the wakes of proceeding turbines and the corresponding wind farm dynamics. Further work on these aspects is required to get a better insight into the possibilities to use vertical staggering effectively. In addition, the development of simple analytical models that can accurately capture the benefit of vertical staggering in the fully developed regime of the wind farm will be very interesting. In the Jensen wake model calculations presented in section 3.3, we assume that the wind turbine wakes grow linearly with downstream distance such that the wind velocity in the wakes is given by 7, 60 u
with k w is the wake expansion coefficient, u 0 (z) is the incoming free stream velocity, R is the rotor radius, D is the turbine diameter,
is the thrust coefficient with flow induction factor a = 1∕4, and x is the downstream distance with respect to the turbine.
Lissaman 60 suggested that the wake growth can be assumed to be on the order of the ratio of transverse velocity fluctuations to the mean velocity. Assuming that the former is on the order of the friction velocity, the ratio defining the wake decay parameter becomes
which we use to set the wake expansion coefficient for each turbine. 15 Various methods have been proposed to consider the wake-wake interaction in the Jensen model. [2] [3] [4] 62 For example, using the superposition of squared velocity deficits according
as suggested by Katic et al 11 or by additionally taking into account the velocity deficit at each turbine location 63
For the results presented in section 3.3, we assumed the latter. The normalized power of each turbine is then calculated by comparing the averaged cubed velocity at the location of each turbine with the corresponding value obtained for a turbine in the free stream. In order to account for the effect of the vertical staggering, we model the incoming free stream velocity 
